The bacterial flagellar motor is a remarkable nanomachine that provides motility through flagellar rotation. Prior structural studies have revealed the stunning complexity of the purified rotor and C-ring assemblies from flagellar motors. In this study, we used high-throughput cryo-electron tomography and image analysis of intact Borrelia burgdorferi to produce a three-dimensional ( Flagellum-based motility plays a critical role in the biology and pathogenesis of many bacteria (3, 6, 17, 31) . The wellconserved flagellum is commonly divided into three physical parts: the flagellar motor, the helically shaped flagellar filament, and the hook which provides a universal joint between the motor and the filament. In most bacteria, counterclockwise rotation of the flagella results in bundling of the helical flagella and propulsion of the cell through liquid or viscous environments. Clockwise rotation of the flagellar motor results in random turning of the cell with little translational motion ("tumbling"). Bacterial motility is thus a zigzag pattern of runs and tumbles, in which chemotactic signals favor running toward attractants and away from repellents (3).
Flagellum-based motility plays a critical role in the biology and pathogenesis of many bacteria (3, 6, 17, 31) . The wellconserved flagellum is commonly divided into three physical parts: the flagellar motor, the helically shaped flagellar filament, and the hook which provides a universal joint between the motor and the filament. In most bacteria, counterclockwise rotation of the flagella results in bundling of the helical flagella and propulsion of the cell through liquid or viscous environments. Clockwise rotation of the flagellar motor results in random turning of the cell with little translational motion ("tumbling"). Bacterial motility is thus a zigzag pattern of runs and tumbles, in which chemotactic signals favor running toward attractants and away from repellents (3) .
Borrelia burgdorferi and other closely related spirochetes are the causative agents of Lyme disease, which is transmitted to humans via infected Ixodes ticks (40) . Spirochetes have a distinctive morphology in that the flagella are enclosed within the outer membrane sheath and are thus called periplasmic flagella (6) . The flagellar motors are located at both ends of the cell and are coordinated to rotate in opposite directions during translational motion and in the same direction (i.e., both clockwise or both counterclockwise) during the spirochete equivalent of tumbling, called "flexing" (6, 15) . Spirochetes are also capable of reversing translational motion by coordinated reversal of the direction of motor rotation at both ends of the cell. Rotation of the flagella causes a serpentine movement of the entire cell body, allowing B. burgdorferi to efficiently bore its way through tissue and disseminate throughout the mammalian host, resulting in manifestations in the joints, nervous system, and heart (40) .
The flagellar motor is an extraordinary nanomachine powered by the electrochemical potential of specific ions across the cytoplasmic membrane (3) . Current knowledge of the flagellar motor structure and rotational mechanisms is based primarily on studies of Escherichia coli and Salmonella enterica and is summarized in several recent comprehensive reviews (3, 22, 31, 39, 42) . The flagellar motor is constructed from at least 20 different kinds of proteins. The approximate location of these flagellar proteins has been determined by a variety of approaches and appears to be relatively consistent in a wide variety of bacteria. It can be divided into several morphological domains: the MS ring (FliF, the base for the flagellar motor); the C ring (FliG, FliM, and FliN, the switch complex regulating motor rotation); the export apparatus (multiple-protein complex located at the cytoplasmic side of the MS ring); the rod (connecting the MS ring and the hook); the L and P rings on the rod (thought to serve as bushings at the outer membrane and at the peptidoglycan layer, respectively); and the stator, which is the motor force generator embedded in the cytoplasmic membrane. Electron microscopy studies of the purified flagellar motor have provided a detailed view of the rotor/Cring assembly (11, 44) . However, there is no structural information on the stator and the export apparatus in these reconstructions, because these membrane-associated structures are not retained following detergent extraction during the extensive basal body purification process. The stator and the export apparatus were visualized by using freeze fracture preparations of cytoplasmic membranes. It appears that 10 to 16 stator units form circular arrays in the membrane (9, 20) . Part of the export apparatus is located in the central space of the C ring (18) . Recently a 7-nm-resolution structure of the intact flagellar motor in situ was revealed by averaging 20 structures obtained using cryo-electron tomography (cryo-ET) of Treponema primitia cells (32) . Further analysis of the intact flagellar motor structure would lead to a better understanding of the motor protein distribution, the rotor-stator interaction, and the mechanism of bacterial motility.
Cryo-ET has emerged as a three-dimensional (3-D) imaging technique to bridge the information gap between X-ray crystallographic and optical microscopic methods (24, 30) . This process involves rapidly freezing viable cells, collecting a series of electron micrographs at different angles, and computationally combining the resulting images into a 3-D density map. Cryo-ET allows investigation of the structure-function relationship of molecular complexes and supramolecular assemblies in their cellular environments without fixation, dehydration, embedding, or sectioning artifacts. Spirochetes are well suited for cryo-ET analysis because of their narrow cell diameter (typically 0.2 to 0.3 m). Recently the cellular architecture of Treponema primitia, Treponema denticola, and B. burgdorferi, as well as the configuration of the B. burgdorferi periplasmic flagella, were revealed by cryo-ET (7, 16, 26, 33) . In combination with advanced computational methods, cryo-ET is currently the most promising approach for determining the cellular architecture in situ at molecular resolution (30) . We have developed novel strategies for capturing and averaging thousands of 3-D images of large macromolecular assemblies to obtain ϳ2.0-nm-resolution structures (28, 29) .
In this study, we present the molecular structures of infectious wild-type (WT) and mutant B. burgdorferi organisms and their flagellar motors in situ using high-throughput cryo-ET and 3-D image analysis. By averaging subvolumes of 1,280 flagellar motors from 322 cells, we obtained a ϳ3.5-nm-resolution model of the intact flagellar motor, providing a detailed view of rotor-stator interactions. In addition, detergent treatment of intact cells provided a preliminary identification of the rotor and stator structures. Through the comparison of WT and mutant cells, we have also determined the location of the flgI gene product in the B. burgdorferi flagellar motor.
MATERIALS AND METHODS
Cell preparation. B. burgdorferi B31 5A18NP1 (19) was grown to late log phase in a humidified incubator at 37°C, 3% CO 2 , in Barbour-Stoenner-Kelly medium without gelatin (BSK II) prepared in-house. In most studies, organisms in late log phase (ϳ1 ϫ 10 8 /ml) were centrifuged in 1.5-ml tubes at 5,000 ϫ g for 5 min and the resulting pellet rinsed gently with phosphate-buffed saline (PBS) prior to resuspension in 50 to 100 l PBS (final concentration, ϳ2 ϫ 10 9 cells/ml). This simple wash procedure provided better contrast for cryo-ET by removing serum proteins that contribute to background "noise" while maintaining the structural integrity of the cell. For comparison, we also collected data from bacteria resuspended in BSK II medium. In detergent treatment studies, the pellet was gently suspended in 1% (vol/vol) nonionic detergent (Nonidet P-40 [NP-40], 4-nonylphenyl-polyethyleneglycol; Sigma Aldrich) in 100 l PBS; following incubation at room temperature for 20 min, the organisms were centrifuged again at 5,000 ϫ g for 5 min and the resulting pellet was suspended in 10 l PBS. Proteinase K treatment of intact cells was carried out for 40 min as described previously (49) .
Transposon mutants. B. burgdorferi 5A18NP1 was subjected to transposon mutagenesis by a modification of the procedure described by Stewart et al. (41) . The plasmid pMarGentKan was graciously provided by P. E. Stewart of the Rocky Mountain Laboratories, National Institutes of Health, Hamilton, MT. This version of pMarGent contains a kanamycin resistance cassette with a B. burgdorferi flaB promoter (flaB::aph1) in the "backbone" of the vector, outside the himar1-based transposable element (P. E. Stewart, unpublished data). pMarGentKan was further modified by inclusion of a 7-bp signature tag in the region between the ColE1 origin of replication and one of inverted repeats demarcating the transposable element (T. Lin., L. Gao, and S. J. Norris, unpublished data). Electroporation, recovery of transposon mutants, and precise determination of the insertion sites by plasmid rescue in E. coli were performed as described previously (4) . The insertion sites of mutants T06TC173, T03TC042, and T09P01H08 were at nucleotides 813293, 813788, and 814017, respectively, in the B. burgdorferi B31 chromosome (NCBI reference sequence NC 001318.1). The morphology and motility of the mutants were examined by dark-field microscopy of B. burgdorferi cultured in BSK II medium and diluted 1:1 (vol/vol) with 2% methylcellulose in PBS to increase the medium viscosity. Organisms were observed using a CytoViva illumination system (Auburn, AL) associated with a Nikon E400 microscope.
Cryo-ET. Aliquots of micron gold clusters were added to the resuspended viable B. burgdorferi samples as fiducial (reference) markers for image alignment (25) . Four-l samples were deposited on freshly glow-discharged holey carbon grids and rapidly frozen in liquid ethane maintained at Ϫ180°C, using a homemade gravity-driven plunger apparatus. Frozen specimens were imaged at liquid-nitrogen temperature using a Polara electron microscope (FEI Company) equipped with a 4K ϫ 4K charge-coupled-device (16-megapixel) camera (TVIPS; GMBH, Gauting, Germany). The microscope was operated at 300 kV and magnification ϫ39,000, resulting in an effective pixel size of 4.5 Å after 2 ϫ 2 binning. Using the FEI "batch tomography" software program, low-dose single-axis-tilt series were collected from each cell at Ϫ4-to Ϫ6-m defocus with a cumulative dose of ϳ100 e Ϫ /Å 2 spread over 131 images. Tilt angles were in the range of Ϫ65°and ϩ65°. Consecutively tilted images were aligned with respect to each other using fiducial markers and the IMOD software package (25) . After further refinement using projection matching, 3-D cryo-tomograms were reconstructed using weighted back-projection implemented in the software package Protomo (46) . In total, 322 cryo-tomograms were generated from 5A18NP1 cells, 281 from transposon mutants, 96 from 5A18NP1 cells treated with the nonionic detergent NP-40, and 68 from 5A18NP1 cells treated with proteinase K for 40 min.
3-D classification and averaging. The subvolume processing of flagellar motors was carried out as follows. First, the positions and orientations of the flagellar motors in each tomogram were determined manually. For this purpose, three points were marked for each flagellum: the center of the basal body, the turning point of the hook, and a point on the flagellar filament. Based on the x, y, and z coordinates of these three points, the orientation of the flagellar motor was calculated and used as an initial estimate of the alignment parameters, which were subsequently refined iteratively.
After multiple cycles of alignment and averaging, a structure with 16-fold symmetry emerged. It should be noted that no symmetry was imposed during this process. To validate this result, which was obtained by the alignment to a single reference, several cycles of a reference-free alignment procedure were applied subsequently (47) . One cycle of the procedure consisted of a classification step, in which the data set was separated into 20 classes. The class averages were then aligned with respect to each other and the alignment transformations of each class applied to the raw subvolumes of the respective members of the class, after which a new cycle was started. This procedure avoids the cross-correlation of subvolumes with a very low signal-to-noise ratio to references with a higher signal-to-noise ratio and thus increases the robustness of the alignment. If the motors occur in different orientations relative to the original tomograms, the missing wedge will also be filled with data due to the various orientations of the averaged subvolumes. The procedure also minimizes a potential reference bias, because the references are not subjectively selected but rather are dynamically created in the classification step.
Approximately 1,280 flagellar motors from 5A18NP1 cells, 1,100 from transposon mutants, and 454 from detergent-treated cells were used for the align- VOL. 191, 2009 CRYO-ET ANALYSIS OF B. BURGDORFERI FLAGELLAR MOTOR 5027 ment, classification, and averaging. A difference map was calculated to quantify the location and shape of the protein FlgI by using the Protomo package. Rotational symmetry of the flagellar motor. The rotational symmetry of the motor was assessed by harmonic analysis (10) . The subvolume average was resampled in cylindrical coordinates and then expanded into circular harmonics on planes perpendicular to the cylinder axis. The moduli of the coefficients are represented in Fig. S2 in the supplemental material as a function of the radius (perpendicular to the cylinder axis) and the z coordinate (along the cylinder axis) for n-fold symmetry, where n is in the range from 0 to 37. This approach allows discrimination of regions of the motor that possess strong or weak symmetries as well as the periodicity of symmetry.
Visualization of the flagellar motor. 3-D tomograms were visualized and saved as images using IMOD (25) . Surface rendering of 3-D maps was carried out using the software package UCSF Chimera (35) . Watershed segmentation (45) was used to computationally separate the rotor, stator, C ring, and export apparatus from the intact flagellar motor. A model of the C ring (including the approximate locations of the three rotor proteins FliG, FliM, and FliN) was constructed based on the electron microscopy map.
RESULTS

Molecular details of intact B. burgdorferi.
In this study, we utilized a relatively high magnification (ϫ39,000), a 4K ϫ 4K charge-coupled-device camera, and 2 ϫ 2 binning of pixels during the acquisition and processing of the micrographs. In addition, high-throughput methodologies were applied in both the acquisition and processing stages, permitting a relatively rapid collection of a large number of high-quality images. The comparatively small diameter of B. burgdorferi relative to that of other bacterial species provides reasonable contrast even at high tilted angles, which results in increased contributions of the high-angle micrographs to the tomographic reconstruction.
5A18NP1 is an infectious, transformable derivative of B. burgdorferi B31 (19) ; it is WT with regard to the flagellar structure and for simplicity is referred to as WT in this article. Suspensions of organisms were rapidly frozen on electron microscopy grids and were visualized by cryo-ET. B. burgdorferi has an unusual helical to flat plane wave morphology, as shown in dark-field imaging (Fig. 1A) . A representative image from a B. burgdorferi cell obtained using cryo-ET (Fig. 1B) shows that the outer membrane sheath, the inner membrane, and a thick peptidoglycan layer are readily visible, as are the flagella that wrap around the ribosome-studded cell cylinder in the periplasmic space. The flagellar filaments extend from each flagellar motor and are clearly localized between the peptidoglycan layer and the outer membrane (Fig. 1B) . The cells taper from an approximate diameter of 0.3 m to 0.2 m near the end of the cell. High-magnification views of the outer membrane indicate that the inner and outer leaflets of the lipid bilayer (4.0 nm in thickness) can be resolved in the image (Fig.  1C) . In addition, an extra layer of density was observed on the external surface of the outer membrane. This layer was no longer visible following surface proteolysis of intact cells using proteinase K (see Fig. S1 in the supplemental material), indicating that it represents outer surface proteins of B. burgdorferi.
In this study, we focused on the flagellar motors, which are located at each end of the bacterium (Fig. 2) . On average, about four flagellar motors were visible in the field of view (ϳ0.9 by 0.9 m) of each cryo-ET 3-D reconstruction. Considerable detail is visible in cryo-ET views of flagellar motors (Fig. 2) . Multiple flagellar motors are displayed in the side view (Fig. 2A) ; the characteristic bowl-shaped structure surrounding the rod is clearly visible in some sections. The turbine-like radial arrangement of the motor is apparent in the top view (Fig. 2B ). In addition, the putative C rings are visible in the cytoplasmic space (Fig. 2C ).
Molecular architecture of the intact flagellar motor. A 3-D reconstruction (Fig. 3 ) of the intact flagellar motor was obtained after 90 cycles of alignment and averaging of 3-D density maps of ϳ1,280 flagellar motors. No symmetry was imposed during the processing and the construction of the model. Two central sections of the flagellar motor observed at different radial angles show the locations of the putative hook, rod, rotor, stator, C ring, and export apparatus structures ( Fig. 3A  and 3F ; see also Movie S1 in the supplemental material). The hook structure is visible at the top, attached to the central rod. Its indistinct appearance in the reconstruction most likely reflects variability of the hook position relative to the motor. The rod has a lower density in the middle, which is consistent with the presence of a central channel, as seen in purified rotor-C- A dark-field image shows the typical helical to flat plane wave morphology (A). Scale bar, 1 m. The tip of the cell outlined inside the small box at the top was imaged at high magnification by cryo-ET and is shown in panel B. The inner membrane (IM), the outer membrane (OM), a thick peptidoglycan layer (PG), and the periplasmic flagella are easily discernible in this representative slice of a cryo-ET reconstruction (B). The outer surface proteins (OSP) form an extra layer of density on the external surface of the outer membrane. The high-magnification views of the outer membrane indicate that the inner and outer leaflets of the lipid bilayer (4.0 nm in thickness) can be resolved in these images (C). In addition, an extra layer of density corresponding to OSP was observed on the outer surface of the lipid bilayer. At this magnification, inner and outer rings are also discernible in the flagellar motor structure underlying the flagellar hook (C).
ring complexes (44) . The distal portion of the rod is curved slightly in the direction of the hook (Fig. 3A) . A hollow torusshaped structure is present near the rod-hook junction (Fig.  3A , B, and F). The 16-fold symmetry of the outer portion of the upper region of the motor is clearly demarcated in Fig. 3B , C, and I. The radial extrusions of the motor are angled like the blades of a turbine. Most structural elements extend outward from the center in a clockwise direction when viewed from the top (Fig. 3B and C) . The 16-fold symmetry is no longer dominant at the level of the putative MS ring (Fig. 3D) , yielding to the appearance of concentric rings. The most central ring in this view is the edge of the MS ring, and the outermost ring is in the vicinity of the stator-C-ring interface. The two concentric rings in between the MS-ring and C-ring structures are thought to represent aspects of the interaction between the MS ring, the C ring, and the stator and may represent FliG domains; corresponding regions of density connecting the MS ring and the C ring are also visible at level D of the central sections in Fig. 3A and F. While the outermost ring in Fig. 3D retains some degree of 16-fold symmetry (most likely due to the stator), weak periodicity of the middle two rings is suggestive of higher orders of symmetry (ϳ32-fold). Figure 3E shows the uniform appearance of the C ring. The centrally located export apparatus is visible on the cytoplasmic side of the MS ring (Fig. 3A, E, and F) . The B. burgdorferi C ring appears very similar to the C rings of E. coli and Salmonella but with a larger diameter (ϳ57 nm compared to 45 nm). The accuracy of this asymmetric, averaged model of the flagellar motor is reinforced by the similarity to individual motors in cryo-ET tomograms (Fig. 2) .
Surface views of the B. burgdorferi flagellar motor are represented in Fig. 3G , H, and I. An unexpected finding of this study was that the most external portion of the motor exhibits curvature corresponding to that of the cytoplasmic membrane. The vertical locations of points 1 through 5 in Fig. 3F , G, and H were plotted relative to the bottom of the C ring at a constant radius relative to the motor axis. The top of the motor (point 5) and the bottom of the C ring (point 1) remain relatively constant, indicating very little vertical change around the motor. However, there is an obvious vertical modulation of three structural features: the putative stator at the level of the membrane (point 3) and the structural features on both sides of the membrane (points 2 and 4). Additional views of this curvature are provided in the supplemental material (see PowerPoint file S1 in the supplemental material). Thus, the 16 putative stator units are symmetrically distributed around the motor but are vertically displaced by up to 6 nm relative to one another. This finding provides evidence that the portion of the motor representing the proposed stator follows the curvature of the inner membrane. This is consistent with the symmetry analysis (see Fig. S2 in the supplemental material), which shows a weak 16-fold symmetry in the stator region. The stator is most affected by the curvature modulation, while the most pronounced symmetry is located near the collar portion of the rotor, which is least affected by the vertical modulation.
Flagellar motor from detergent-treated cells. Following treatment with the nonionic detergent NP-40, B. burgdorferi cells maintained their overall shape but became nonmotile and appeared relatively transparent ("ghostlike") by dark-field microscopy. Cryo-ET images show that the cells have no outer membranes, and the internal macromolecular complexes, such as ribosomes, are more visible (see Fig. S3A in the supplemental material). Although the periplasmic flagella are no longer closely associated with the cell cylinder, the flagellar motors are still attached to the cell envelope. By averaging of 454 basal bodies from 96 tomograms, we obtained the 3-D structure of the motor after detergent treatment (Fig. 4) . The difference between the motor structure before and after detergent treatment is striking ( Fig. 4 ; see also Fig. S3 and S4 in the supplemental material). The remaining structure is 45 nm in diameter and closely resembles the central portion of the intact flagellar motor. We propose that this structure represents the NP-40-insoluble core of the B. burgdorferi rotor. It is much larger than the well-characterized basal body purified from Salmonella but is similar to the central region of the Treponema primitia flagellar motor (32) . The putative rotor has a bowl-like structure and is reinforced by internal "truss-like" elements that are visible as thin arms of density in central sections ( Fig. 4C and E) . The flagellar rod sits in the middle of the rotor and interacts with the MS ring at the bottom of the bowl. There is an overall striking similarity but also noticeable differences in the putative rotor structures before and after the detergent treatment, as observed by comparing Fig. 4E and the corresponding structure colored green in Fig. 4H . In particular, there is a groove in the detergent-treated structure that is filled in the intact motor; in addition, a thin isthmus of density extends from the C ring to the same region of the rotor (Fig. 4H and I) . We postulate that together these regions of density represent the N-terminal portion of FliG polypeptides, interconnecting the rotor and the C ring. The torus-shaped structure associated with the distal rod is virtually absent following NP-40 treatment (compare Fig. 4A and C), indicating that it is labile in the presence of detergent. A portion of the putative export apparatus is still visible below the MS ring following detergent treatment ( Fig. 4E and F) . The most peripherally located elements (Fig. 4H, I , and J) of the motor lost after NP-40 treatment are thought to represent (Fig. 4H and I ). The C ring ( Fig. 4H and I) also was not visible following detergent treatment. flgI mutants and their flagellar motor structures. Transposon mutants of the infectious, transformable B. burgdorferi strain 5A18NP1 were generated as part of a project to identify virulence determinants (T. Lin, L. Gao, and S. J. Norris, unpublished data). The insertion sites of three mutants used in this study are indicated in the map of the Borrelia burgdorferi genetic locus encoding the P-ring protein FlgI (Fig. 5A) . Two of these mutations are located within the flgI open reading frame (Fig. 5A) , whereas a third mutation is located downstream of flgI in an open reading frame recently identified as flgJ (C. Li and N. W. Charon, unpublished data). The morphology and motility of the mutants as examined by dark-field microscopy were indistinguishable from those of WT cells. The three transposon mutants were visualized and reconstructed using cryo-ET and compared with the parental strain 5A18NP1.
3-D structures of the intact flagellar motors from the three transposon mutants were determined (Fig. 5) . The overall structures of the flagellar motors from all of the mutants are similar to that of WT cells (Fig. 5B, C, D , and E). However, motors in the two mutants with insertion sites in the flgI open reading frame (Fig. 5C and D) lacked a hollow, torus-shaped structure around the rod. In contrast, the hollow torus-shaped structure is clearly visible in the flgJ mutant (Fig. 5E) , and its overall structure was indistinguishable from that of WT cells (Fig. 5B) . The surface rendering of the flgI mutant T09P01H08 is presented in Fig. 5G . The difference map of the WT and the flgI mutant reveals the structural shape (inset figure in Fig. 5 ) and the location of the FlgI proteins (colored beige of Fig. 5H ), corresponding to the P ring of this organism.
The two flgI mutants examined were motile in both BSK II medium and the same medium with 1% methylcellulose, a reagent that increases medium viscosity. As with WT cells, the mutant cells consistently exhibited rapid cellular rotation in the BSK II medium and translational motion in the viscous medium. However, one of the flgI mutants (T09P01H08) had obvious defects in the flagellar assembly as revealed by cryo-ET. Interestingly, this mutant (T09P01H08) is noninfectious in C3H/HeN mice (T. Lin, L. Gao, and S. J. Norris, unpublished data), indicating that flgI (or due to polar effects, the downstream gene flgJ) is required for full infectivity. Further analysis with complemented mutants is needed to understand these findings.
DISCUSSION
We have developed a method for visualizing hundreds of cellular structures at molecular resolution, using a combination of automated cryo-ET data collection and high-throughput image processing. The ability to rapidly produce and process hundreds of tilt series has improved both the throughput and the quality of the resulting 3-D reconstructions. To effectively align and process the data, we have combined two methodologies: fiducial alignment implemented in IMOD (25) and fiducial free alignment in Protomo (46) . Tomographic 3-D reconstructions of 767 intact bacteria were generated in this study, and more than 2,800 flagellar motors were utilized in structural analyses. Tomograms of intact bacteria rapidly frozen in vitreous ice are free of the chemical fixation artifacts and thus provide a representative view of the organism's native architecture. Our studies reveal many of the same structural features described in recent cryo-ET studies of B. burgdorferi and other spirochetes (7, 16, 26, 33) , including the inner and outer membranes and the peptidoglycan layer. As in the detailed analysis by Kudryashev et al. (26), we observed the 4-nm lipid bilayer of the outer membrane and an additional electron-dense layer, which they described as a slime layer. In this study, we found that this additional layer was removed by treatment with proteinase K (see Fig. S1 in the supplemental material). We therefore hypothesize that this layer represents the outer surface proteins of B. burgdorferi, which in organisms cultured in vitro at 37°C consist primarily of the outer surface proteins A (OspA), -B, -C, and -D (13) . The largest of these lipoproteins, OspB, is approximately 100 Å in length (2), which corresponds well with the observed thickness of the surface layer. Periplasmic flagellar filaments and motors are also discernible in the cryo-tomograms. Our data confirm that flagellar filaments reside in the periplasmic space between the peptidoglycan layer and the outer membrane. This result is consistent with a prior report (26) but differs from the recent tomographic results of Izard et al. (16) , who reported that the T. denticola flagella were located between the peptidoglycan layer and the inner membrane. A central region of the flagella has low density in most views, consistent with the presence of a central channel involved in transport of subunits to the nascent end during flagellar assembly (48) . As described previously by Kudryashev et al. (26) , the hook assembly and the proximal portion of the flagellar filament were found to cause a bulging of the B. burgdorferi outer membrane, as well as an indentation of the inner membrane in the direction of flagellar extension.
Flagellar motor. This study was focused primarily on the 3-D structure of the intact B. burgdorferi flagellar motor, resulting in a model at ϳ3.5-nm resolution. We decided to concentrate our efforts on an asymmetric model, i.e., one developed without applying rotational symmetry or a preexisting model. As shown in the analysis of purified S. enterica flagellar rotors (44) , rotational symmetry assumptions may degrade the resolution and structural details of subassemblies due to variability in the symmetric pattern in different parts of the motor. In addition, we were surprised to find that there were structural asymmetries in stator, rotor, and C-ring assemblies, as discussed in detail below. The model described herein has many similarities to the T. primitia structure at 7-nm resolution obtained with the application of 16-fold symmetry, as reported by Murphy et al. (32) , indicating that the overall flagellar motor structure is well conserved within spirochetes and perhaps in other bacteria. Features of the B. burgdorferi flagellar motor are described below from the most central to the most distal aspects. The flagellar motor is connected to the filament through the hook, which must maintain flexibility through an almost 90-degree turn across the peptidoglycan layer. The rod is curved slightly in the direction of the hook (Fig. 3A) , most likely reflecting the tension placed upon the hook-filament assembly due to its constrained location within the periplasmic space. The rod, as in the flagellar filament, has a lower density in the middle, consistent with the presence of a central channel essential for translocation of flagellar proteins.
In an effort to discern the boundary between the rotor and the stator, we utilized treatment of intact B. burgdorferi with the nonionic detergent NP-40. Treatment with detergents has been utilized in early steps of bacterial flagellar rotor purifications and removes the stator structure (1, 11) . NP-40 treatment of Borrelia resulted in ghost cells in which the outer membrane and portions of the cytoplasmic membrane were removed (see Fig. S3 in the supplemental material). The outermost ring of the motor and the C ring were also solubilized, leaving behind a bowl-shaped structure surrounding the central rod still attached to the flagellar hook and filament ( Fig. 4 ; see also Fig.  S3 and S4 in the supplemental material). We propose that the remaining bowl-shaped structure represents the rotor whereas the solubilized outer ring is the stator. The upper portion of the C ring (most likely comprised of FliG homologs) is in close proximity with both the putative stator and rotor structures, in keeping with structures of purified rotor/C-ring assemblies as well as biophysical and genetic findings for other organisms (5, 44) . The remainder of the discussion will refer to the proposed rotor, stator, and C-ring structures shown in Fig. 4 .
Rotor structure. The flagellar rotor is a complex, bowlshaped structure 45 nm in diameter that surrounds the central rod. The overall structure closely parallels the flagellar rotor of T. primitia described by Murphy et al. (32) . The bottom of the bowl is attached to the rod and corresponds to the MS ring identified in purified flagellar rotor/C-ring assemblies from other bacteria. As such, it is likely composed primarily of the MS ring protein FliF (BB0291). No discernible symmetry was visible in this portion of the B. burgdorferi rotor in our current 3-D reconstruction. However, the analysis of the Salmonella rotor by Thomas et al. (44) indicated a rotational symmetry of 24-to 26-fold within the MS ring, suggesting the possible arrangement of the FliF subunits. The sides of the rotor (collar) exhibited strong 16-fold symmetry (see Fig. S2 in the supplemental material) and appeared to consist of 16 identical subassemblies joined together at the top of the rotor and to the MS ring at the bottom. Additional structures extend diagonally from the central part of the MS ring to the middle of the collar (Fig. 4A and F) and may represent trusses that reinforce and stabilize the rotor structure. The proteins that comprise the collar and truss structures have not as yet been identified but may include proteins specific for spirochetes (e.g., FlbB, encoded by BB0286 in the major flagellar operon). It is not known whether a similar bowl-like rotor structure exists in bacteria other than spirochetes. Cryo-ET or other approaches to studying the flagellar motor in situ in E. coli, Salmonella, and other organisms have not been reported as yet, due in part to a ϳ0.5-m specimen thickness limit in cryo-ET.
The overall structure of the rotor in NP-40-treated cells closely resembles the corresponding region of the intact flagellar motor (Fig. 4) . However, a groove is present in the detergent-treated structure (Fig. 4E and F) that is filled in with the electron-dense material in the intact rotor ( Fig. 4H and I) . We postulate that this density represents the N-terminal region of FliG that forms a connection with the MS ring. In other organisms, it has been suggested that the FliG N terminus is linked to the MS ring of the rotor (11, 43) . In addition, the motif EHPQ of FliG domain I and a hydrophobic patch in domain II interact with FliM, thus connecting the rotor to the C ring (5) . Another portion of the FliG C-terminal domain II interacts with MotA, thereby conveying the thrust stroke to the rotor/C-ring assembly. B. burgdorferi has two FliG orthologs, called FliG1 and FliG2 (12) . fliG2 is located in the major flagellar operon, and its predicted product more closely resembles the functional FliG in other bacteria. For example, FliG2 contains the EHPQ motif and key residues of the hydrophobic patch, whereas these sequences are not well conserved in FliG1. Thus, it is likely that FliG2 is primarily involved in flagellar rotation. All spirochetal genomes sequenced to date (Treponema pallidum, T. denticola, Leptospira interrogans, and several Borrelia species) contain at least two fliG orthologs (12, 13, 34, 36, 38) ; Leptospira genomes contain three. The multiple FliG homologs therefore may be involved in a motility mechanism common to spirochetes. The flagellar motors rotate in opposite directions at each end of the cell during translational motion (6); it is possible that the multiple FliG homologs influence the "default" direction of flagellar rotation. A fliG1 transposon mutant was isolated previously that remained motile but was noninfectious in mice (4); complementation to verify the role of fliG1 has not been reported to date. It is thus possible that FliG1 may fulfill an as yet unrecognized role in motility or another aspect of infectivity.
We utilized a series of transposon mutants to confirm that the P ring of B. burgdorferi is composed of the protein FlgI (Fig. 5) . Transposon mutants were selected in which flgI (BB0772) was disrupted either 67% or 90% into the open reading frame; a third strain carrying a mutation in an overlapping, downstream open reading frame of unknown function (flgJ) was used as a control for possible polar effects. Disruption of flgI resulted in a loss of the torus-shaped ring associated with the rod (Fig. 5C and D) , whereas the downstream mutant had a wild-type flagellar motor structure (Fig. 5E) . The flgI mutants are fully motile, indicating that the P ring is not required for flagellar rotation. However, some of these mutants have an increased proportion of motors with defects in hook or flagellar filament assembly and are noninfectious in C3H/HeN mice (T. Lin, L. Gao, and S. J. Norris, unpublished data). Further analysis of the mechanisms behind these phenotypes is ongoing, including gene complementation studies. The fact that the P ring was also dissociated by NP-40 treatment (Fig. 4) indicates that it is a detergent-labile structure in B. burgdorferi. As discussed previously in the context of the T. primitia flagellar motor (32) , the location of the P ring within the rotor appears to preclude its interaction with the peptidoglycan layer Stator structure. This study provides an unprecedented view of the stator portion of the motor. By not imposing rotational symmetry, asymmetric aspects of the flagellar motor were revealed, including curvature of the stator in concordance with the cylindrical shape of the cell (see Movie S1 in the supplemental material). The rotor structure (as derived from NP-40-treated preparations) was used as a guide in the segmentation and estimation of the boundary between the closely apposed stator and rotor structures in the intact motor (Fig. 4) . The stator has 16 radially arranged units, similar to the 16-fold symmetry of the rotor. The 16 stator units not only were present in the averaged structure but were also observed consistently in individual reconstructions of flagellar motors (e.g., see Fig. 2B ). Recent studies with E. coli, Salmonella, and Vibrio organisms indicate that the stator is a dynamic structure in which the functional units (MotA 4 MotB 2 , or PomA 4 PomB 2 in sodium gradient-driven motors) are freely interchanged between flagellar motor and stator units "circulating" in the cytoplasmic membrane (14, 27) . Our results, as well as those obtained with T. primitia (32) , indicate that these spirochetal flagellar motors have a consistent number of stator units. It is possible that the stator in these organisms is relatively stable or that interchange occurs without disrupting the overall arrangement of stator units. The precise locations of MotA and MotB in the stator and FliG in the stator/C-ring interface of the B. burgdorferi motor are not known and will be the subject of future studies. However, it is reasonable to assume that the top part of the putative stator structure may be the C-terminal periplasmic domain of MotB (8) , which contains the peptidoglycan binding domain (37) . The bottom portion of the stator-associated density is expected to be primarily MotA (BB0281), a transmembrane protein embedded in the cytoplasmic membrane. Biochemical and structural studies imply that the motor torque is generated by conformational changes in the stator upon the protonation of a critical aspartate residue in MotB (corresponding to D24 in B. burgdorferi BB0280) (23, 50) . This motion is transmitted to the rotor by means of interactions between the rotor and FliG in the C-ring assembly.
C-ring structure. B. burgdorferi exhibits a large C ring ϳ57 nm in diameter, compared to the 45-nm C ring of E. coli and Salmonella. This enlarged C ring correlates well with the larger rotor size observed in B. burgdorferi. Interestingly, the borrelial C ring has features remarkably similar to those of the Salmonella structure (44): a cylindrical structure with a slightly bulky bottom and a Y-shaped extension at the top (see the crosssectional view in Fig. 3A) . It is thus likely that the C ring is composed of multiple copies of the proteins FliG1/2, FliM, and FliN arranged in a manner similar to that in Salmonella. The bottom of the C ring (Fig. 3F) contains FliN and is slightly bigger than the middle portion, which is composed of FliM. A model of the C ring was proposed based on the cryo-ET map ( Fig. 6C and D) .
Stator curvature and FliG "transaxle." The outer aspects of the stator assembly (3 and 4 in Fig. 3G and H) were found to be ϳ6 nm lower at the lateral sides of the motor than at the sides along the cell axis, corresponding precisely with the membrane curvature (see PowerPoint file S1 in the supplemental material). This vertical "displacement" also resulted in a 10°" tilt" of the stator structures and (surprisingly) a slight narrowing of the C ring in the lateral dimension (54 nm) compared to that in the cell axis dimension (57 nm) (Fig. 6 : see also PowerPoint file S1 in the supplemental material). The observed curvature in the stator (Fig. 3) was an unexpected finding but makes sense given the strong association of MotA and MotB with the cytoplasmic membrane. MotA has four predicted transmembrane regions (21) , and MotB has a single transmembrane segment; these hydrophobic helices are conserved in the B. burgdorferi proteins. Thus, the MotA and MotB proteins are firmly embedded in the membrane, and their vertical locations would therefore follow those of the membrane surface. Because of the small cell diameter at the tip of the B. burgdorferi cell (ϳ0.2 m), there is considerable curvature in the cytoplasmic membrane perpendicular to the cell axis. The rotor, however, exhibits no rotational curvature either in our analyses or in those of prior studies of purified rotor/C-ring assemblies. We therefore postulate that flexibility in the FliG-MS-ring interconnection (as well as the C ring) is required to maintain this connection during rotation. In an automotive analogy, the FliG/C-ring assembly operates as a transaxle, acting not only as the transmission (representing the switching and force-transmitting functions) but also as the ball joints of the flagellar motor. This flexibility was reflected to some extent as density changes in the region of expected FliG-MS-ring interconnection at 0°and 90°of rotation relative to the direction of the flagellum ( Fig. 6 ; see also PowerPoint file S1 in the supplemental material). Forces caused by the vertical displacement of the stator also result in the observed narrowing of the C ring in the direction perpendicular to the cell axis during its rotation. Thus, both FliG and the C ring appear to accommodate the tension placed on the rotor/C-ring assembly as it rotates. A similar, but reduced, effect would be expected to occur in bacteria with a larger diameter. However, a higher-resolution structure of this region is needed to better understand the vital role of FliG in stator-rotor interactions, the relative movement between these structures during rotation, the mechanism of switching, and maintenance of the stator/rotor/C-ring linkage.
To what extent can the flagellar motor structural information obtained with B. burgdorferi and other spirochetes be applied to other bacteria, including the well-studied flagellar systems of E. coli and Salmonella? Given the high degree of conservation among the proteins involved, it is likely that many of the same structural features are present in other systems. Other aspects, such as the bowl shape of the rotor, may be specific for spirochetes and not found in other bacteria. Broadening the cryo-ET analysis of the intact flagellar motor in other organisms may help to answer this question and to thereby delineate both the similarities and differences in this fascinating machine within the bacterial kingdom.
